Hyperuricemia-mediated uric acid crystal formation may cause joint inflammation and provoke the destruction of joints through the activation of inflammasome-mediated innate immune responses. However, the immunopathological effects and underlying intracellular regulatory mechanisms of uric acid crystal-mediated activation of fibroblast-like synoviocytes (FLS) in rheumatoid arthritis (RA) have not been elucidated. Therefore, we investigated the in vitro effects of monosodium urate crystals, alone or in combination with the inflammatory cytokines tumor-necrosis factor (TNF)-a or interleukin (IL)-1b, on the activation of human FLS from RA patients and normal control subjects and the underlying intracellular signaling mechanisms of treatment with these crystals. Monosodium urate crystals were able to significantly increase the release of the inflammatory cytokine IL-6, the chemokine CXCL8 and the matrix metalloproteinase (MMP)-1 from both normal and RA-FLS (all P,0.05). Moreover, the additive or synergistic effect on the release of IL-6, CXCL8 and MMP-1 from both normal and RA-FLS was observed following the combined treatment with monosodium urate crystals and TNF-a or IL-1b. Further experiments showed that the release of the measured inflammatory cytokine, chemokine and MMP-1 stimulated by monosodium urate crystals were differentially regulated by the intracellular activation of extracellular signal-regulated kinase and c-Jun N-terminal kinase pathways but not the p38 mitogen-activated protein kinase pathway. Our results therefore provide a new insight into the uric acid crystal-activated immunopathological mechanisms mediated by distinct intracellular signal transduction pathways leading to joint inflammation in RA. 1 Gout is an acute inflammatory arthritis whose incidence has increased over the past decade, which is characterized by elevated serum urate concentrations and recurrent attacks by intra-articular uric acid crystal deposition.
INTRODUCTION
Arthritis is the most common cause of joint pain and physical disability in developed countries and worldwide. 1 Gout is an acute inflammatory arthritis whose incidence has increased over the past decade, which is characterized by elevated serum urate concentrations and recurrent attacks by intra-articular uric acid crystal deposition. 2 Rheumatoid arthritis (RA) is a chronic inflammatory polyarthritis with 1% prevalence in industrialized countries, which is characterized by cytokinemediated inflammation of the synovium and destruction of cartilage and bone. 3 Uric acid crystal-mediated gouty attacks have also been observed in patients with RA. 4, 5 Fibroblast-like synoviocytes (FLS) are resident mesenchymal cells in synovial joints that play crucial roles in both joint damage and the propagation of inflammation in arthritic diseases. 6 The ability of FLS to erode cartilage is a multistep process that includes the attachment of FLS onto cartilage and the synthesis of matrix metalloproteinases (MMPs) such as MMP-1. 7 Additionally, FLS secrete receptor activator of nuclear factor-kB ligand, which can attract macrophages from the vasculature, stimulate the differentiation of vascular-and tissue-derived macrophages into osteoclasts and activate osteoclasts at the bone surface, leading to bone erosion. 8 FLS mediate inflammation and autoimmune responses through complex mechanisms during the development of inflammatory RA. 9 FLS can produce a broad range of pro-inflammatory molecules such as interleukin (IL)-1b, IL-6 and tumor-necrosis factor (TNF)-a, as well as the secretion of MMPs through the activation of multiple intracellular signal transduction pathways including extracellular signal-regulated protein kinase (ERK), c-Jun Nterminal kinase (JNK) and p38 mitogen activated protein kinase (MAPK). 10, 11 These pro-inflammatory molecules lead to further FLS activation and the recruitment, accumulation and survival of a number of immune effector cells including leukocytes, endothelial cells, neutrophils and osteoclasts in the synovium. 9 IL-6, a key proinflammatory cytokine, was originally described as a T cell-derived B-cell differentiation factor that is essential for antibody production by activated B cells and may stimulate the production of autoantibodies such as rheumatoid factor in RA. 12 Chemokines produced by FLS can promote the chemotactic migration of mononuclear cells into local inflammatory sites, leading to the adaptive immune response and contributing to the pathogenesis of many inflammatory diseases. 13 MMPs released from FLS have pathological roles in arthritic diseases leading to tissue destruction by degrading the components of the extracellular matrix.
14 Uric acid, a major component released into the extracellular milieu from necrotic cells, can act as a damage-associated molecular pattern molecule, and initiate and perpetuate a non-infectious inflammatory response. 15 Uric acid is an end product of the purine metabolic pathway that is found in blood and interstitial spaces, and its accumulation can lead to crystallization and trigger an auto-inflammatory response. 16 Uric acid crystals play an important role in both gouty arthritis and immune regulation through the activation of inflammasome-mediated innate host defense mechanisms in robust inflammation. 15 In innate immunity, uric acid crystals can induce the maturation of dendritic cells and augment the priming of CD8
1 T cells to cross-presented antigens. 17 Uric acid crystals can also activate macrophages to produce the inflammatory cytokines IL-1b and IL-18 through the direct activation of a central cytosolic sensor, the NALP3 inflammasome. 18 However, recent studies revealed that uric acid crystals could also regulate acquired immunity. 16 Uric acid can augment CD8 1 cytotoxic T lymphocyte (CTL) responses and enhance IgG1 antibody-mediated immunity in mice, thereby activating the humoral immune response. 16 Some studies have indicated that uric acid can trigger the NALP3 inflammasome to result in caspase 1-dependent IL-1b production in lung injury inflammation and fibrosis. 19 During acute arthritis attacks, uric acid crystal deposition has been demonstrated to stimulate synovial cells, monocytes, macrophages and neutrophils to produce a panel of different inflammatory cytokines and chemokines including TNF-a, IL-8, IL1b, IL-6 and monocyte chemotactic factor, for the induction of acute joint inflammation. 20 Moreover, uric acid crystal deposition in joints or skin can lead to leukocyte infiltration, deformation of joints and thickening of synovial walls in long-term inflammation. 15 Injection of uric acid crystals into joints of healthy humans and canines can reproduce gout symptoms such as the sudden onset of a hot, red and swollen joint. 15 However, the immunopathological effects and underlying intracellular regulatory mechanisms of uric acid crystal-mediated activation of FLS have not been elucidated. We herein hypothesize that hyperuricemia-mediated uric acid crystal formation plays a crucial role in further enhancing joint inflammation by activating FLS via distinct intracellular mechanisms in RA. In this study, we have therefore elucidated the immunopathological roles of uric acid crystals in joint inflammation and the in vitro activating effect of monosodium urate crystals in combination with TNF-a or IL-1b on FLS from RA and control subjects and the underlying intracellular signal mechanism.
MATERIALS AND METHODS

Reagents
Uric acid was purchased from Sigma-Aldrich Corp. (St Louis, MO, USA). Monosodium urate crystals were prepared according to a previously published method. 21 Briefly, 800 mg uric acid was dissolved in 155 ml boiling distilled water containing 5 ml of 1 mol/l NaOH. After the pH of the solution was adjusted to 7.2 by the addition of 1 mol/l HCl, the solution was cooled gradually with stirring at room temperature and then stored overnight at 4 uC. The formed monosodium urate crystals were then sterilized by heating at 180 uC for 2 h, suspended in sterilized phosphate-buffered saline at a concentration of 10 mg/ml and used in each experiment by adding directly to the culture medium to achieve the desired concentration. In this preparation, the endotoxin level of the monosodium urate crystals was found to be undetectable (,0.1 EU/ml) using the Limulus amebocyte lysate assay (sensitivity limit 12 pg/ml; BioWhittaker Inc., Walkersville, MD, USA).
Recombinant human TNF-a and IL-1b were purchased from R&D Systems (Minneapolis, MN, USA). The ERK inhibitor U0126, JNK inhibitor SP600125, p38 MAPK inhibitor SB203580, phosphatidylinositol 3-OH kinase inhibitor LY294002, Janus kinase inhibitor AG490 and IkB-a phosphorylation inhibitor BAY-11-7082 were purchased from Calbiochem Corp. (San Diego, CA, USA). SB203580 was dissolved in water, whereas PD98059, LY294002, SP600125, AG490 and BAY-11-7082 were dissolved in dimethylsulfoxide. In all studies, the concentration of dimethylsulfoxide was 0.1% (v/v).
Endotoxin-free solutions
Cell culture medium was purchased from Cell Applications Inc. (San Diego, CA, USA), free of detectable lipopolysaccharide (,0.1 EU/ml). All other solutions were prepared using pyrogen-free water and sterile polypropylene plastic ware. No solution contained detectable LPS, as determined by the Limulus amebocyte lysate assay (BioWhittaker).
Cell culture of FLS Human FLS isolated from synovial tissues obtained from normal control healthy subjects and patients with RA were purchased from Cell Applications. FLS were cultured in synoviocyte growth medium including 10% synoviocyte growth supplement (Cell Applications) in 5% CO 2 -95% humidified air at 37 uC.
11 Experiments using human primary cells were approved by the Clinical Research Ethics Committee of The Chinese University of Hong Kong-New Territories East Cluster Hospitals.
Assay for human IL-6, CXCL8 and MMP-1
The concentrations of IL-6 and CXCL8 in culture supernatants following equal cell number loading were measured simultaneously by bead-based multiplex cytokine assay using a BD cytometric bead array (CBA) (BD Pharmingen Corp., San Diego, CA, USA) using a fourcolor FACSCalibur flow cytometer (BD Biosciences Corp., San Jose, CA, USA). Human MMP-1 in culture supernatants was assayed by ELISA (RayBiotech Inc., Norcross, GA, USA).
11
Intracellular staining of activated (phosphorylated) signaling molecules The intracellular expression of phosphorylated signaling molecules was determined quantitatively using previously established intracellular staining methods using flow cytometry. 11, 22 This quantitative flow cytometric method for the analysis of the activation of intracellular signaling molecules by intracellular staining of phosphorylated signaling molecules is less tedious than western blot, and the flow cytometric method requires fewer cells and a reduced assay time. Briefly, cells were fixed with pre-warmed BD Cytofix Buffer (4% paraformaldehyde) for 10 min at 37 uC following stimulation by monosodium urate crystals. After centrifugation, the cells were permeabilized in ice-cold methanol for 30 min and then stained with mouse antihuman phosphorylated ERK and phosphorylated JNK monoclonal antibodies or a mouse IgG1 isotype control (BD Pharmingen) for 60 min followed by FITC-conjugated goat antimouse secondary antibody (BD Pharmingen) for another 45 min at 4 uC in the dark. Cells were then washed, resuspended and subjected to analysis. Expression of the intracellular phosphorylated signaling molecules in 5000 viable cells was analyzed by flow cytometry (FACSCalibur; BD Biosciences) in terms of mean fluorescence intensity.
Statistical analysis
The statistical significances of differences were determined by one-way ANOVA. The values were expressed as the mean6s.d. from three independent experiments. Any difference with a P value less than 0.05 was considered significant. When ANOVA indicated a significant Uric acid in RA DP Chen et al 470 difference, the Bonferroni post hoc test was used to assess the difference between groups. All analyzes were performed using the Statistical Package for the Social Sciences statistical software for Windows, version 16.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
Monosodium urate crystals can induce IL-6 and CXCL8 production from FLS Figure 1a and c shows that stimulation of normal control FLS and RA-FLS with monosodium urate crystals (200 mg/ml) results in a significant increase in IL-6 and CXCL8 production at 48 h (all P,0.01). The release of the inflammatory cytokine IL-6 and the chemokine CXCL8 from RA-FLS was significantly higher than the release of these inflammatory mediators from control FLS (all P,0.01). When the kinetics and dose-response of monosodium urate crystals on the release of IL-6 and CXCL8 were examined, monosodium urate crystals (100-200 mg/ml) were able to significantly increase the release of IL-6 and CXCL8 at all incubation times (24-72 h) in a dose-and time-dependent manner (Figure 1b  and d) . In view of the above results, we mainly used a 48-h incubation time and 200 mg/ml dose of monosodium urate crystals in the following studies to induce significant stimulation.
Figure 1 Dose-and time-dependent effects of monosodium urate crystals on the induction of IL-6 and CXCL8 release from FLS. Control and RA-FLS were cultured with or without monosodium urate crystals (200 mg/ml) for 48 h and the induction of (a) the inflammatory cytokine IL-6 and (c) the chemokine CXCL8 were analyzed by CBA using flow cytometry. Control and RA-FLS were stimulated with or without monosodium urate crystals (0-200 mg/ml) for 24-72 h and the induction of (b) IL-6 and (d) CXCL8 were analyzed by CBA using flow cytometry. Results are expressed as the arithmetic mean6s.d. of three independent experiments. *P,0.05, **P,0.01. CBA, cytometric bead array; CTL, medium control; FLS, fibroblast-like synoviocytes; IL, interleukin; RA, rheumatoid arthritis; UA, monosodium urate crystals.
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Monosodium urate crystals could increase MMP-1 production from FLS As shown in Figure 2a , the stimulation of normal FLS and RA-FLS with monosodium urate crystals (200 mg/ml) resulted in a significant increase in MMP-1 production at 48 h. The release of MMP-1 from RA-FLS was significantly higher than that of normal FLS (P,0.01).
When the kinetics and dose-response of monosodium urate crystalinduced release of MMP-1 were examined, monosodium urate crystals (100-200 mg/ml) were able to significantly increase the release of MMP-1 at all the incubation times (24-72 h) in a dose-and timedependent manner (Figure 2b ).
Monosodium urate crystals can enhance TNF-a-induced IL-6, CXCL8 and MMP-1 release from FLS As the pro-inflammatory cytokine TNF-a plays a crucial inflammatory role in the joints of arthritis patients, 23 we further investigated the combined effect of monosodium urate crystals and TNF-a on the activation of FLS. Figure 3 shows that combined treatment with monosodium urate crystals and TNF-a resulted in additive or synergistic release of IL-6, CXCL8 and MMP-1 from both normal and RA-FLS (all P,0.05). Since the addition of monosodium urate crystals and TNF-a did not increase the number of FLS, the augmented IL-6, CXCL8 and MMP-1 release was not due to an increased number of FLS.
Monosodium urate crystals can enhance IL-1b-induced IL-6, CXCL8 and MMP-1 release from FLS As the pro-inflammatory cytokine IL-1b also plays a crucial inflammatory role in the joints of arthritis patients, 23 we further investigated the combined effect of monosodium urate crystals and IL-1b on the activation of FLS. Figure 4 shows that combined treatment with monosodium urate crystals and IL-1b results in additive or synergistic release of CXCL8 and MMP-1 but not IL-6 from normal or RA-FLS (all P,0.05). Since the addition of monosodium urate crystals and IL1b did not increase the number of FLS, the augmented CXCL8 and MMP-1 release was not due to the increased number of FLS.
Effects of monosodium urate crystals on the activation of JNK and ERK signaling pathways in FLS Using intracellular fluorescence staining by flow cytometry, we measured the mean fluorescence intensity of phosphorylated JNK and ERK in permeabilized FLS following stimulation with monosodium urate crystals. As shown in Figure 5 , monosodium urate crystals were able to induce significant phosphorylation of JNK and ERK in both normal and RA-FLS, with the maximal stimulation at 30 min (all P,0.05). However, monosodium urate crystals could not significantly activate p38 MAPK in both normal and RA-FLS (data not shown).
Effects of signaling molecule inhibitors on the release of IL-6, CXCL8 and MMP-1 from FLS activated by monosodium urate crystals The cytotoxicity of different signaling molecule inhibitors on FLS was first determined using the methyl thiazolyl tetrazolium assay, and the effective doses of these inhibitors with significant inhibitory effects on specific signaling pathways have been widely studied using different cell types including human FLS. 11, 22, 24 Following previous publications and toxicity threshold values from the methyl thiazolyl tetrazolium assay, we therefore used the following optimal concentrations of Janus kinase inhibitor AG490 (5 mM), IkB-a phosphorylation inhibitor BAY11-7082 (0.8 mM), phosphatidylinositol 3-OH kinase inhibitor LY294002 (5 mM), ERK inhibitor U0126 (5 mM), p38 MAPK inhibitor SB203580 (10 mM) and JNK inhibitor SP600125 (5 mM) to induce significant inhibitory effects on these signaling pathways without cell toxicity. As shown in Figure 6 , the ERK inhibitor U0126 and the JNK inhibitor SP600125 were able to significantly suppress monosodium urate crystal-induced IL-6, CXCL8 and MMP-1 release from both normal and RA-FLS (P,0.05). Uric acid in RA DP Chen et al 472
DISCUSSION
As FLS are key effector cells in inflammatory arthritic diseases, new agents targeting FLS may potentially complement the current therapeutics without major deleterious effects on adaptive immune responses. 25 Remarkably, uric acid crystals can induce various inflammatory mediators including cytokines, chemokines, proteases and reactive oxygen species, thereby playing an important role in the development of inflammatory responses. 26 Uric acid crystals have been shown to stimulate dendritic cell maturation, enhance antigenspecific immune responses and directly activate T cells. 27 We have recently reported that the inflammatory cytokine IL-27 can activate FLS in RA by activating distinct intracellular signaling pathways. 11 The present study further revealed that uric acid plays a crucial role in provoking inflammation by activating FLS through intracellular signal transduction mechanisms in RA.
A panel of inflammatory cytokines such as TNF-a, IL-1b, IL-6, IL-12 and IL-2 are involved in the joints of RA patients, causing inflammation, articular destruction and the comorbidities seen in RA. 23 In this study, we found that monosodium urate crystals were able to significantly induce inflammatory cytokine IL-6 release from both control and RA-FLS (P,0.05). Combined treatment with monosodium urate crystals and TNF-a also resulted in the synergistic production of IL-6 from both control and RA-FLS. This result is consistent with the previous finding that monosodium urate and calcium pyrophosphate dihydrate crystals can induce IL-6 production from synoviocytes and monocytes in vitro.
28 IL-6 is one of the most important inflammatory cytokines in infection, inflammation and immunity. High levels of IL-6 can be detected in the serum and synovial fluid of patients with various inflammatory arthritic diseases such as RA, gout and juvenile idiopathic arthritis. 29 IL-6 can act as a potent pro-inflammatory cytokine by promoting Th17 differentiation and inhibiting regulatory T-cell differentiation, indicating that the control of IL-6 may normalize the balance between Th17 and regulatory T cells to alleviate autoimmune symptoms. 29 IL-6 not only promotes and maintains inflammation in arthritis but also contributes to the generation and maintenance of inflammatory pain by acting at nociceptive nerve cells. 30 In a clinical study, anti-IL-6R antibody (tocilizumab) has been shown to be a novel therapeutic strategy for certain inflammatory and autoimmune diseases, including RA and systemic onset juvenile idiopathic arthritis, with significant clinical improvement and amelioration of joint damage. 31 Some studies have demonstrated that uric acid crystals can induce human eosinophils and neutrophils to produce the neutrophil chemokine CXCL8. 32, 33 To examine whether uric acid crystals also modulate the expression of chemokines in FLS, we found that monosodium urate crystals were able to significantly increase the release of the chemokine CXCL8 from both control FLS and RA-FLS (P,0.05). Combined treatment of monosodium urate crystals with TNF-a or IL-1b resulted in the synergistic production of CXCL8 from control FLS (Figures 3 and 4) . CXCL8, the first chemokine found to be involved in leukocyte chemotaxis, is considered to be the most important inflammatory chemokine associated with arthritis.
34
CXCL8 not only is an important chemotactic cytokine for the inflammatory events, but also acts as a potent angiogenic factor in arthritis. 35 Continuous infusion of human recombinant CXCL8 into rabbit knee joints can lead to the accumulation of leukocytes, the infiltration of mononuclear cells into synovial tissue and marked hypervascularization in the synovial lining layer. 36 A neutralizing antibody to CXCL8 can prevent neutrophil infiltration in lipopolysaccharide/IL-1-induced arthritis and attenuate monosodium urate crystal-induced Figure 3 The combined effects of monosodium urate crystals and TNF-a on the induction of IL-6, CXCL8 and MMP-1 release from FLS. Control and RA-FLS were cultured with or without monosodium urate crystals (100-200 mg/ml) and TNF-a (10 ng/ml) alone or in combination for 48 h. Release of (a) IL-6, (b) CXCL8 and (c) MMP-1 were determined by CBA or ELISA. Results are expressed as the arithmetic mean1s.d. of three independent experiments. **P,0.01, ***P,0.001 when compared between treatment group and medium control. # P,0.05 when compared between combined treatment group and single treatment group. CBA, cytometric bead array; CTL, control; FLS, fibroblast-like synoviocytes; IL, interleukin; MMP, matrix metalloproteinase; RA, rheumatoid arthritis; TNF, tumor-necrosis factor; UA, monosodium urate crystals.
Uric acid in RA DP Chen et al 473 leukocyte infiltration into knee joints in rabbit. 37 Uric acid crystal stimulation also leads to the increased expression of TNF-a and IL1b in synovial fluid mononuclear cells. 38 TNF-a or IL-1b can potently induce the expression of CXCL8 in cultured FLS. 39 We found that monosodium urate crystals exhibited synergistic effects with TNF-a or IL-1b to induce CXCL8 release from normal FLS. Since FLS, neutrophils and mononuclear cells play important roles in the pathogenesis of arthritis, the enhanced production of the chemokine CXCL8 can attract mononuclear cells and neutrophils towards FLS downstream of monosodium urate crystals, TNF-a and IL-1b together to contribute to the development of inflammation.
MMPs, a family of zinc-containing endopeptidases, play a key role in the proteolytic degradation of damaged extracellular matrix components and in tissue repair in arthritic joints. 40 Destruction of cartilage and bone is a characteristic feature of inflammatory arthritis and the production of MMPs by the inflamed synovium is considered to be critical in the pathogenesis of articular damage. 40 The expression of MMP-1 is increased when the system reacts in wound healing, repair or remodeling processes in several pathological conditions. 41 MMP-1 has been found in the synovial membranes and fluids of all RA patients and the expression of MMP-1 in the synovial fluid correlates with the degree of synovial inflammation. 41 MMP-1, the only MMP secreted by FLS, has the capacity to digest type II collagen, which is the major type of collagen in cartilage. We found that monosodium urate crystals could induce a significant increase in MMP-1 production from both control and RA-FLS (P,0.001). Moreover, monosodium urate crystals could enhance TNF-a-or IL-1b-induced MMP-1 release from FLS ( Figures 3 and 4) . Combined treatment with monosodium urate crystals and TNF-a or IL1b resulted in the synergistic production of MMP-1 from normal FLS (Figures 3 and 4) . The intrinsic difference in the activation of multiple intracellular signal transduction mechanisms such as ERK may account for the higher induction of IL-6, CXCL8 and MMP-1 from RA-FLS compared to normal FLS. [42] [43] [44] IL-6 and other chemokines in synovial fluid and synovium of RA patients have also been reported to be significantly elevated compared with control subjects. 9, 28 Uric acid crystals have been shown to activate the MAPK (p38 MAPK, JNK and ERK1/2) signaling pathway in T-cell lines 20 and also activate the ERK signaling pathway in fibroblasts, 45 but the signaling pathways downstream of uric acid crystals in FLS have not been reported. We have recently reported that the inflammatory cytokine IL-27 can stimulate FLS in RA by activation of the JNK, AKT and Janus kinase signaling pathways. 11 This study showed that incubation with monosodium urate crystals resulted in elevated phosphorylation of ERK and JNK but not p38 MAPK within 30 min that was maintained for 60 min in both normal and RA-FLS ( Figure 5 ). The JNK signaling pathway has been shown to mediate MMP-1 secretion from FLS and regulate cartilage erosion in collagen-induced arthritis. 46 The ERK pathway can be activated in RA synovial tissue and cultured RA-FLS, and the principal functional sequelae of the ERK pathway have been control of cell growth and proliferation. 47 Moreover, the JNK and ERK signaling pathways are involved in pro-inflammatory cytokine and chemokine production in activated FLS. 48, 49 Numerous studies have demonstrated that the inhibition of the JNK and ERK pathways has profound effects on the synthesis of inflammatory cytokines and modulation of acute and chronic inflammation. 50 
Figure 4
The combined effects of monosodium urate crystals and IL-1b on the induction of IL-6, CXCL8 and MMP-1 release from FLS. Control and RA-FLS were cultured with or without monosodium urate crystals (100-200 mg/ml) and IL-1b (20 ng/ml) alone or in combination for 48 h. Release of (a) IL-6, (b) CXCL8 and (c) MMP-1 were determined by CBA or ELISA. Results are expressed as the arithmetic mean1s.d. of three independent experiments. **P,0.01, ***P,0.001 when compared between treatment group and medium control.
# P,0.05, when compared between combined treatment group and single treatment group. CBA, cytometric bead array; CTL, control; FLS, fibroblast-like synoviocytes; IL, interleukin; MMP, matrix metalloproteinase; RA, rheumatoid arthritis; UA, monosodium urate crystals.
Uric acid in RA DP Chen et al 474 Figure 5 Effects of monosodium urate crystals on intracellular JNK and ERK activities in FLS. Normal or RA-FLS were incubated with monosodium urate crystals (200 mg/ml) for 0-60 min. The amounts of intracellular phosphorylated signaling molecules in 5000 permeabilized cells were measured by flow cytometry. Results of (a) phosphorylated JNK and (b) phosphorylated ERK are shown as mean fluorescence intensity subtracting the corresponding isotype control and are expressed as the arithmetic mean1s.d. of three independent experiments. Representative histograms illustrate the intracellular expression of (a) phosphorylated JNK and (b) phosphorylated ERK in the control or RA-FLS upon 30-min stimulation with monosodium urate crystals. The isotype control represents the cell populations stained with antimouse IgG1 isotype control. *P,0.05, **P,0.01, when compared between groups denoted by horizontal lines. CTL, medium control; ERK, extracellular signal-regulated protein kinase; FLS, fibroblast-like synoviocytes; JNK, c-Jun N-terminal kinase; RA, rheumatoid arthritis; UA, monosodium urate crystals.
Uric acid in RA DP Chen et al 475 Figure 6 Effects of signaling molecule inhibitors on monosodium urate crystal-induced IL-6, CXCL8 and MMP-1 release from FLS. Normal and RA-FLS were pretreated with AG490 (AG, 5 mM), BAY11-7082 (BAY, 0.8 mM), LY294002 (LY, 5 mM), SB203580 (SB, 10 mM), SP600125 (SP, 5 mM) or U0126 (5 mM) for 1 h followed by incubation with or without monosodium urate crystals (UA, 200 mg/ml) in the presence of inhibitors for a further 48 h. Release of (a) IL-6, (b) CXCL8 and (c) MMP-1 were determined by CBA or ELISA. Results are expressed as the arithmetic mean1s.d. from three independent experiments. DMSO (0.1%) was used as the vehicle control. *P,0.05, **P,0.01, when compared between groups denoted by horizontal lines. CBA, cytometric bead array; CTL, medium control; DMSO, dimethylsulfoxide; FLS, fibroblast-like synoviocytes; IL, interleukin; MMP, matrix metalloproteinase; RA, rheumatoid arthritis; UA, monosodium urate crystals.
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Using selective inhibitors to suppress the activation of corresponding signaling pathways, we further elucidated the involvement of different signaling pathways in regulating the expression of IL-6, CXCL8 and MMP-1 in FLS. These inhibition experiments confirmed that monosodium urate crystal-induced IL-6, CXCL8 and MMP-1 production was mediated by the activation of distinct JNK and ERK pathways (Figures 5 and 6 ). Such induction of IL-6 and CXCL8 by monosodium urate crystals in FLS was not completely inhibited by the JNK and ERK inhibitors; other unidentified signaling pathways should therefore contribute to IL-6 and CXCL8 expression. Further experiments may be required to investigate the regulatory mechanisms of different signaling molecules and transcription factors on the induction of IL-6, CXCL8 and MMP-1 in human FLS following activation by monosodium urate crystals. Because of the recent advances in the application of MAPK and NF-kB inhibitors as potential anti-inflammatory agents, 50 this study should also provide new clues for the development of novel treatments for joint inflammation.
